Abstract. The regulator of G-protein signaling 2 (RGS2) has been shown to be crucial in the regulation of vascular tone and blood pressure. The vascular activities of adrenomedullin (ADM) and adrenotension (ADT), two natural peptides, are dependent upon the modulation of RGS2 expression. However, the effects and pathways involved in their modulation remain unknown. This study aimed to observe the changes of RGS2 expression in response to ADM and ADT in cultured vascular smooth muscle cells and to clarify the potential signaling pathways in vitro. In the present study, vascular smooth muscle cells (VSMCs) were cultured with ADM and ADT of various concentrations for different time periods, and the gene expression of RGS2 was analyzed by PCR. ADM significantly increased the gene expression at 0.5 h to ~35-fold of that at baseline, whereas ADT marginally increased the expression after 1-2 h. SQ22,536 and chelerythrine were used to block the protein kinase A (PKA) and PKC pathways activated by incubation with ADM. The gene expression of RGS2 was reduced by SQ22,536 only. Furthermore, when SQ22,536 and chelerythrine were added to the cells incubated with ADT, the gene expression was markedly reduced by both SQ22,536 and chelerythrine. In conclusion, ADM immediately showed a marked increase in the gene expression of RGS2 in cultured VSMCs via a cAMP-dependent pathway and ADT gradually showed a marginal increase in the gene expression via a cAMP-dependent pathway and a PKC pathway.
Introduction
Vascular tone and blood pressure are regulated by the opposing actions of vasoconstrictor and vasodilator agonists that signal via G protein-coupled receptors (GPCRs) (1) . Vasoconstrictors such as angiotensin II, endothelin, vasopressin and norepinephrine bind to their GPCRs and activate heterotrimeric Gq proteins. The Gq proteins then trigger several responses in vascular smooth muscle cells (VSMCs), including Ca 2+ release from intracellular stores and Ca 2+ entry through the plasma membrane, which results in myosin light chain phosphorylation and contraction (1) .
The duration and intensity of GPCR signaling is modulated by the regulator of G protein signaling (RGS) proteins, which attenuate signaling by stimulating the G protein subunits to hydrolyze guanosine triphosphate, returning them to the inactive guanosine diphosphate-bound state (2, 3) . RGS2 is one of the predominant RGS proteins in the cardiovascular system and has been shown to be crucial in the regulation of vascular tone and blood pressure. RGS2 deficiency in mice is associated with a hypertensive phenotype and an increased sensitivity, as well as prolonged responsiveness to vasoconstrictors (4) (5) (6) . In addition, genetic polymorphisms of RGS2 are correlated with hypertension and intima-media thickening of carotid arteries in humans (7) (8) (9) .
Adrenomedullin (ADM) is a 52 amino acid peptide, which was identified and isolated from human pheochromocytoma extracts (10) . Two hallmark actions of ADM, hypotension and diuresis, suggest that it is important in vascular tone regulation (11) . Intravenous infusion of ADM has been demonstrated to result in prolonged hypotension in cats, rats, rabbits, sheep and humans (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . ADM is derived from a larger precursor molecule, proADM (22) . ProADM is cleaved by endogenous peptidases into 4 bioactive peptides: PreproADM22-41, preproADM45-92, preproADM95-146 (ADM) and preproADM153-185 (23) . These peptidases exhibit different roles in physiological processes; the effects of preproADM22-41 are similar to that of ADM (24) (25) . ADT acts in a modulatory manner to influence vasorelaxation in response to ADM (26) . There appears to be complex interactions (antagonism or synergism in vascular activities) between ADM and ADT, and these interactions may be active in the regulation of circulatory homeostasis (26) . As GPCR ligands, the vascular activities of ADM and ADT depend on the modulation of RGS2 expression. However, the effects and pathways of their modulation remain unknown. This study aimed to observe the changes of RGS2 expression in response to ADM and ADT in cultured VSMCs and to clarify the potential signaling pathways in vitro.
Materials and methods
Animals. Four male Wistar rats (age, 8 weeks) purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing, China), were sacrificed by intravenous administration of overdosed pentobarbital. The segment of thoracic aorta between the left subclavian and subcostal arteries was removed for VSMC isolation using enzymatic digestion, as previously described (27) . This study was conducted in accordance with the guidelines of Peking University First Hospital and recommendations for the care and use of laboratory animals of the Chinese Ministry of Agriculture.
Cell culture. Cells were grown in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (HyClone Laboratories Inc., Logan, UT, USA), penicillin (100 U/ml; Invitrogen Life Technologies, Carlsbad, CA, USA) and streptomycin (100 µg/ml, Invitrogen Life Technologies) at 37˚C in a humidified incubator in a 5% CO 2 atmosphere. Only VSMCs from the third to sixth cell passage were used. The cells were then cultured in six-well, collagen I-coated BioFlex plates containing a flexible silicone elastomer substratum (Flexcell International, Hillsborough, NC, USA).
Drugs. Angiotensin II (002-12), ADM (010-08), and adrenotensin (010-07) were purchased from Phoenix PharmaLabs, Inc. (Shanghai, China). Forskolin (66575-29-9), SQ22,536 (17318-31-9) and chelerythrine chloride (3895-92-9) were purchased from Sigma-Aldrich.
Incubation with cultured cells. Following replacement of the collagen-coated BioFlex plates with serum-free medium for 24 h, cells achieved 70% confluence and were subjected to incubation with vehicle, ADM, ADT or angiotensin II for different time periods (10 -7 mol/l for 0, 0.5, 1, 2 or 4 h) or at different concentrations (10 -9 , 10 -8 and 10 -7 mol/l ADM for 0.5 h and ADT for 1 h). The cultured VSMCs were also incubated with forskolin (10 -5 mol/l), a PKA pathway agonist, for different time periods (0, 0.5, 1, 2 or 4 h). SQ22,536 (10 -4 mol/l) and chelerythrine (10 -6 mol/l) were used to block the PKA pathway and PKC pathways by co-incubation with vehicle or ADM for 0.5 h and vehicle or ADT for 1 h. Subsequent to this, the gene expression of RGS2 was analyzed by PCR.
Gene expression. Total RNA was extracted from the cultured cells using TRIzol (Life Technologies Co., Gaithersburg, MD, USA). qPCR was performed using a Toyobo ReverTra Ace-α-® RT-PCR kit (Toyobo Life Science, Osaka, Japan). The expression of selected mRNAs was measured by qPCR using the ABI Prism 7700 Sequence Detector (Life Technologies). Expression of the mRNAs was normalized to that of the corresponding β-actin mRNA. PCR reactions were performed in 25 µl buffer containing 1 µl cDNA, SYBR-Green Master mix (Life Technologies) and 5 pmol sequence-specific primers: Forward: 5'-CTG CGT ACC CAT GGA CAA GA-3' and reverse: 5'-TTG GGC TTC CCA GGA GTA GA-3' for RGS2; and forward: 5'-AGG CCA ACC GTG AAA AGA TG-3' and reverse: 5'-ACC AGA GGC ATA CAG GGA CAA-3' for β-actin. Thermal cycling conditions consisted of a preincubation step for 2 min at 50˚C, denaturation for 10 min at 95˚C followed by 40 cycles of denaturation for 15 sec at 95˚C and annealing/extension for 1 min at 60˚C. qPCR reactions were performed in triplicate.
Statistical analysis.
Values were expressed as the mean ± standard error of the mean. Statistical differences between groups were determined by either one-way or two-way analysis of variance. When a statistical difference was detected, Tukey's method of adjustment was used for multiple pairwise comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

ADM increases RGS2 in a time-and concentration-dependent manner.
Following incubation with ADM (10 -7 mol/l), the gene expression of RGS2 was significantly increased at 0.5 h, reaching a peak ~35 fold of that at baseline and gradually decreasing to~2-fold that of baseline at 4 h (P<0.05). When incubated for 0.5 h with different concentrations of ADM, ADM at concentrations of 10 -8 and 10 -7 mol/l significantly increased the gene expression of RGS2 (P<0.05; Fig. 1 ).
ADT increases RGS2 in a time and concentration-dependent manner. Following incubation with ADT (10 -7 mol/l) the gene expression of RGS2 was significantly increased to ~3.7-fold of that at baseline after 1 h (P<0.05). Subsequent to incubation for 1 h with different concentrations of ADT, a concentration of 10 -7 mol/l significantly increased the gene expression of RGS2 (P<0.05; Fig. 2 ). The expression of RGS2 was also significantly increased by angiotensin II incubation (10 -7 mol/l) to ~2.5-fold of that at baseline at 2 h (P<0.05; Fig. 2 ).
Effects of signaling reagents. Forskolin (10 -5 mol/l), a cyclic adenosine monophosphate (cAMP)-dependent pathway agonist, significantly increased the gene expression of RGS2 at 0.5 h to a peak of ~30-fold of that at baseline (P<0.05), which then gradually decreased to ~5-fold of that at baseline at 4 h. When the PKA pathway antagonist SQ22,536 (10 -4 mol/l) and PKC inhibitor chelerythrine (10 -6 mol/l) was incubated with the cells treated with ADM (10 -7 mol/l), the gene expression of RGS2 was markedly reduced by SQ22,536 only. Moreover, when SQ22,536 and chelerythrine was incubated with ADT (10 -7 mol/l), the gene expression of RGS2 was markedly reduced by SQ22,536 and chelerythrine (P<0.05; Fig. 3 ).
Discussion
In the present study, it was demonstrated that the modulation of RGS2 gene expression in cultured VSMCs by ADM and ADT occurs via different pathways. As ADM and ADT are potential vascular therapeutic agents and RGS2 may be used as a future theraputic target for vascular diseases, this study provides additional information for their potential clinical application.
RGS2 has been shown to be crucial in the regulation of vascular tone and hypertension. Haplo-insufficiency or elimination of the RGS2 gene leads to hypertension in mice (6) . Certain RGS2 haplotypes also cosegregate with human hypertension (8) . Furthermore, RGS2 was shown to selectively inhibit Gq signaling and thereby attenuates the action of vasoconstrictors (28) . Aortic rings from RGS2 knockout mice exhibited increased contraction and impaired cyclic guanosine monophosphate (cGMP) mediated relaxation in vitro (4). Previously, it was suggested that RGS2 functions as a novel target or effector of the nitric oxide-cGMP pathway to regulate vasoconstrictor signaling (4). RGS2 mediated the action of the nitric oxide-cGMP pathway in several tissues as it is widely expressed, including in vascular smooth muscle and kidney (29) . RGS2 regulates blood pressure to a significant extent by mediating the ability of the nitric oxide-cGMP pathway to relax the resistance vasculature and attenuate vasoconstrictor signaling in VSMCs (5). The short-term action of nitric oxide donor on blood pressure is impaired in RGS2 knockout mice. Furthermore, the loss of RGS2 in primary smooth muscle cells from mesenteric resistance arteries increases the magnitude and duration of agonist-induced Ca 2+ responses and blocks the ability of cGMP analogs to attenuate agonist-induced Ca 2+ signaling (4) .
In the present study, ADM significantly increased the expression of RGS2 mRNA at 0.5 h to 35-fold of that at baseline, whereas ADT and angiotensin II marginally increased the expression of RGS2 mRNA after 1-2 h. Therefore, the increased RGS2 expression may be crucial in the vascular activities of ADM and the latent and marginal increase of RGS2 expression following the stimulation of vasoconstrictors such as ADT and Angiotensin II may be a compensated change.
ADM is a potent cardiovascular-active peptide that has hypotensive, natriuretic and diuretic actions. It is considered to be important in the pathophysiology of numerous disorders, such as hypertension, acute coronary syndromes and renal failure (30) . It inhibits the angiotensin II-induced proliferation and migration effects on renal mesangial cells and exhibits an anti-oxidant action on these cells (30) . ADM was observed to stimulate adenylyl cyclase activity in a platelet bioassay. ADM receptors are coupled to adenylate cyclase via G-proteins and the cyclic ring structure and C-terminal amidation are essential for full binding and activity (10) . Moreover, ADM has been demonstrated to activate the adenylate cyclase-cAMP system in isolated cardiac myocytes, which is one of the predominant pathways for the regulation of myocardial contractility (31) . In the present study, the effects of ADM on RGS2 expression was simulated by adenylate cyclase activator forskolin and blocked by the adenylate cyclase antagonist SQ22,536. Therefore, the effect of ADM on RGS2 expression occurs via adenylate cyclase and a PKA pathway.
Consistently, the ADM-mediated effects in calcified VSMCs and vitamin D3 plus nicotine-treated aortas were also similar to that of forskolin, while the PKA inhibitor H89 blocked the effect of ADM (32) . Furthermore, ADM induced the relaxation of rat brain pericytes, which was associated with the reduced phosphorylation of myosin light chain through the cAMP/PKA signaling pathway. H89 inhibited the ADM-induced increase in the number of relaxed pericytes and returned the phosphorylation of the myosin light chains to that of the control levels (33) .
ADT, which is derived from the common precursor of ADM, is also an active peptide. ADT has been demonstrated to produce contractile responses in cat pulmonary arterial rings in a concentration-dependent manner (34) . In anesthetized rats, an intravenous bolus injection of ADT increased the mean arterial pressure. In cultured rat vascular smooth muscle cells, 10 -7 mol/l ADT increased 3H-TdR incorporation (26) . ADT induced endothelium-dependent vasoconstriction and elevated blood pressure (25, 34) . Moreover, ADT acts in a modulatory manner to influence vasorelaxation in response to ADM. ADT has been shown to antagonize the stimulatory effect of ADM on endothelial nitric oxide generation (26) . ADT also induced an increase in the concentration of medium immunoreactive ADM (35) . In a rat model of pulmonary hypertension, ADM and ADT exhibited opposite effects on vasoactivity and showed reciprocal inhibition in their release (36) . However, the signaling pathway of ADT remains unclear. The results of the present study showed that SQ22,536 and chelerythrine chloride blocked the effects of ADT on RGS2 expression significantly, which suggest that the effect of ADT on RGS2 expression occurred via a PKA and PKC pathway.
In conclusion, our results showed that ADM immediately exhibited a significantly increased the gene expression of RGS2 in VSMCs via cAMP-dependent pathway and ADT gradually showed a marginal increase in the gene expression of RGS2 via a cAMP-dependent and a PKC pathway. This suggests the different responses of RGS2 to vasodilators and vasoconstrictors.
